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ABSTRACT

The waveforz bounding approach to fast timing analysis of MQOS VLSI
circuits is discussed. The 1idea 1is to compute rigorous closed-forz
expressions giving upper and lower bounds for transient voltage waveforms,
rather than exact values. The goal is toc enable rapid computation without
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ABSTRACT they give are close enough.
The waveform pounding approacn to fast timing The objective of the waveform boundirg
analysys of MOS VLS! circuits is discussed. The approach to timing analvsis and simyiation 15 to
idea 1s to compute rigorous clcsed-form expressions combine the computational speeg that results €rom
giving upper anc jower bdounds for transient voltage avoiding the numerical solution of differentral
waveforms, ratner than exact values. Th2 goal is equations with the user confidence in the resuit
to enable rapig cOmoutation without sacriticing tnat comes from rigoroys uncertainty oounds. Jur
user contigence 1n the resylts. attack on tne timing anaiysis provier 1s pasec ¢n

a careful fundamental study of the agifferential

equations describing the oynamics 0 Jates, pass
£xistinc approacnes to timing anaiysis and transistors, interconnect, and the standarg digita.

simuiation of digital integrated circurts fall, circuits constructeg from them,

rougniy speaking, into three classes:

1) Methoas sucn as SPICEZ [1] ang ASTAP [2],
baseg on essentrally exact numerical solution of
tne network's differential equations, are accurate
ang reliabie. But even with the increase in speed
affordec oy the waveform reiaxation metnod [1], I1. Resoonse Bounds fcr Interconnec:
exact numerical solution s too slow for the needs
of tne VLS era.

1. Backaround and Objectives

In additic to the MIT croup worxing on this
project, Mark Mor.witz (12,137 is currentiyv com-
plet nc a dissertation on MOS timina analysis at
Stanfora.

2.1) Linear Interconnect Models

i1} Speciaiized MDS timing simulators liks This section summarizes the resuits oztatnes
MOTIS-C [4] ana SPLICE (57 reiy on table Jook.s of in [12]. In this work an MOS signai distriputicr
device characteristics for speed, and save addition- network as shown in Fio. 1 is mez2zilec 3s 2

al time by terminating a Newton-Rapnson or similar branched linear RC line, i.e., an RC tree, as in
1teration  before convergence is reacned. SPLICE Fig. 2.

1s in addition a mixea-mode circuit, timing and
logic simulator and uses a seiective trace algo- i
ritnm to explort latency. In both these programs .l: META,
the termination of an iterative step prior to con- "
vergence saves time at tne cost of accuracy and, in [—
some 1nstances, ¢f numerical stability [6]. The
improvement in speeg over SPICEZ i35 typically one
to two orders of magnituce for SPLICE {57 and about
two orgers of magnitude for MOTIS-C [7].
i1i) More recently, some researchers are ex-
pioring an ajternate approacn to timing analysis ——— GNO
ang simylatior sased on a radically simplified
electricai descriotion of the network. RSIM [8], Figure 1. Typical MCS signal-distribution network.
CRYSTAL (22, and 7V [10,11] fall at the far end of The inverter is shown drivinc three gates.
the speed-accuracy traoceoff curve from SPICE2. A —
MOSFET is typically represented in these programs by el
an extremeiy simpiified mogel: a linear resistor in
series with a switch. And a polysilicon or dif- f
fusion 1ine 15 represented by a lumped capacitance . —
in RSIM, or by a de'ay in TV obtainea by simply A3V _—
i
Laad

AEL

averaging the upper and lower delay bounds aobtained
by Rudbinstein, Penfield, and Horowitz [12]. These —
programs are potentially very fast and have a num-

ber of attractive user-oriented features. The Figure 2. The linear RC tree shown above is a model
drawba<k, of course, is that there are no absolute for the network of Fig. 1. The voltage
known 1imits to the error in their total delay source s a unit step at time ¢t = 0.
estimates. The user can never be sure the answers For any two nodes in the network, Rym is defined as
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thesum of the resistances a,ong the route consisting of resistance ¢f the inverter, the noniinear gate-to-
the intersection of the path from thainput tonode i with thannel capacitance of the MOSFET Toads, and the non-
the path from tRe input to node m, as i)lustrated in fig. linear capacitance from any diffusion line to substrate.
3. The three time This section describes recent work [17-20] that allows
NCCE L the buunas for linear networks [}2] *o be applied to
o, " RC lines incorporating such nonlinearities. (Furtner
- . research is needged for branched lines, i.e. RC trees.:
L B n, I
A ~ - - Using the notation and sign conventions iilustratec
Ny - ., P in Fig. 5, the
b AN sl o0, (vgnva) 190, lv 0y,
r e N2
- ) 2 i
— : -1
4 3 1
Figure 3. [llustraticn of resistance terms. for this ERUNT 4y fvs
network, Ryy = 3y * Ro, Ryg = Ry + RZ + Rz, : :
ang Ryj = Ry + Ry + Rg. . . .
' 1 e(t . 2 1 ! _r_(
constarts used to derive response bounds are . :
T2 R _C (1)
0 .
E Kk k J
T =R L (2) : . . .
of g ki Tk Figure 5. Two-capacitor example of a nonlinear, non-
.. s uniform RC line.
Tos TN TR (2 ) .

* LA A state equations for any nonuniform, nonlinear lumped
wnere the summations are taken over all nodes of the RC Tine with N capacitors can be written in the form
network. _ The derivation n [12] shows that vi(t) < 0o B (v v.) ey
vift) < veiey, for ail t » O, where v.(t) is the actual i CET;;T ‘9j¢1'j i+ Qj‘j_1u 7540 ,
zero state stec response at any terminal node 1, and - -
the pounas v.. i) anag vyit) are given by 1 <j <N, g

I where g1g = 0, £ e, and the capac:tor constitutive

relations g:, = hqfl;) are continuousiyv ¢1fferentiacie

(4) with Cs (v5) = n5"(vy)> O everywnere. e assume tne
resistdr carves‘are continuously di¢“e-ertiable, strictiv
increasing, and pass through the origin.

Lemma 1 1191
(5) Consider any nonlinear, nonunifc~ RC line, At any

instart during an “up" transition (i.e. e > 0, e > 3}
from equilibrium,
t)

vj(t? >0, Y

and vj(t) > 0,1

Lemma 1 is proved in {19]. Using tt, we give 2
oroof in [20] of the

Monotone Response Theorem for Nonlinear. Nonunifor—
RC Lines. Given a nonlinear RC line as gescribec above.
Sucpose thal (because of circuit pararmeter uncertainty,
the use of linearized models for noniinear elements,
replacing the exact input by input bounas, etc.,; we
do one - re of the following:

a, -~ "timate the input elt),
b) w estimate one or more R's,

Figure 4. Form of the bouncs with the distance from the ¢) underestimate one or more C's.
exact solution exaggerated for clarity.

[KS

ren
Vj(t) < V.‘_: Vo
N

]

A
s ™

<

The resulting circuit model will then necessarily over-

The time required to compute these bounds grows only estimate the output vj(t) at each instant t during ‘up
Tineariy with the number of elements in the network. transitions {i.e., during transitions where e > 0,

Recent applications cf this result include [10,11,14,15 e > 0 throughout.)
16]. The ultimate goal of this portion of the project -

; ; ; s A similar result holds for "down' transitions and
i rive a hierarcny of h ds, he . R
u:etotgetr;de off accur:cy f;:ccoggEZaiioge:T;;?jng ‘ estimate errors of the opposite sign. Using part a) of
o the assumptions, this theorem allows us to computationally
2.2) Nonlinearities Affecting Interconnect prupagate upper and lower signal bounds through the network.
The iinear circuit model in Fig. 2 fails %o Using parts b) and c), it allows us to replace a nonlinear

1ine by two linear ones, one strictly faster and one

j r fn | iti i :
ncoroorate three types of nonlinearities present in strictly slower, to which the 1inear network bounds (&,5)

Fig. 1 or related circuits: the nonlinear output

Aveilability C
JAvatl and/of
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in turn apply. We have not yet succeeded in findinc a “equivq]en; P0U0Q1ﬂ9>tran$75tor'. The cost of
generalization of tnis result that will apply to non- this simplification is that the exact value of
Yinear RC trees. i for the network on the Jeft s replaced by a

range of values n the simpler mode! corresponc-
ing to ¥gg < vGg X VGB-
3.2) Reducing 3 Multiple-input Gate ¢ an “"Equivaient
The regylts reported nere apply to MCS uevice models Boundinn 1naverter .
of the form

111. Arn Approacn to waveform Bounding
for M0S Loolc Gates

. W A gate can be modelled as an “equivalent bounding
0T f(Vep* VoB° ng)‘ (7) inverter” by performing the reduction cutlined in section
) 3.1 on both the pullup and pulldown networks. regucing
wnere 0,G,S and 8 refer to drain, gate, source and sub- each to a single transistor. Initiai trials, comparinc
strate, respectiveiy. For specificity we consider only SPICE2 simulations of the original network witn simulations
n-cnannel devices in this paper. No special algebraic of the "eguivalent bounding inverter” indicate that tne
form for f is assumed, oniy that f is continuously result ing bounas for 14 uz) 41ffer ‘rom tre exact
differentiable ang satisfies the natural monotonicity vaiue:s by only about + *6 for orartical circutts.
congitions 3.3) Bounding the Response of an Inverter and Load tc
i 0. =f Lo o 0 (8) Inout ransitions ' )
;Vdg M A T QVSB h When appiied to some multipie-input gates, the re-

duction procedure described in the previous two sub-
sections may yield an inverter in which the pullup gate
is externally driven. But for simplicity we consiger
here only tne case of a standard NMOS depletion - load
Qur acproacn wiil be to reduce a multiple-input inverter as in Fig, 7.
logic gate by stedns tc an "eauivalent boundinc inverter’ v
and then tc fing bounas for the response of this inverter.

evervwnere, Thus a wide variety of device models are
allowed, with the excepticn that (7) does not allow for
snort-channel effects.

3.1) Reduction of Series-Parallei Transistor Network
tc  Iculvaiert Bouncinc Transistor”

We nave developed a metnod for reducinc any series-
carallel transistor network %C a Singie "equivalert " | P
pounding transistor.’ Using tne technique recursively, {single cavecitor
one can repiace the puilug or puildown network of a

or AC tree:

muitigle-input gate by a single transistor and have Figure 7. Depletion-ioaa inverter.
=1anrous boungs for the error produted by this simpii-
fication. To bound the respunse time of tne lcaced inverter

we need simple bounds on the function Tout o

For example, a paralle! connection of N transistors, uni-n js the gifference of the pullup ang Du]xéﬁgn n
all identica’ excent for widths, lengtns and gate currents:
voltases, satisfies _ . s
e F(Vags Vame Yeg) = Tout Vout® Vil ® pu( out’ ~ pal¥ourr Vi U
, o2 OB USB Simple linear bounds on both the pullurc ana pulicowr
- v Vo) (9) currents are shown in Fig. 8. The resuiting tcuncs
-y oos Sy > DB s’ £ i / N .
3=V %5 VB, or the output curve i,,+ (vq, ¢, d€Dena on Vapga b
where V., 15 “he vector of cate voltages. We have proven o )
tnat, bélause of tne assumptions (8), there exist weq, b - e
-eq independent 5f ;%8' ang vgp 3G vgp that depend on vpp N , { "o
sucn that 2 can pe’reciaced Oy the s1mpler bounas i\,wr LT
,—e‘e‘ ": m~my Yany ¥V ; R Vow ::m N "ow “hign
“eq —ae -2 B - - —actual curve
v bounds
:‘S F(VGQv Vogo ng)’ (o) Figure 8. Simple linear bounas on the pullup and puli-
€2 down currents. The latter depena on v;_, anc
‘or all vag - veg, describing a single transistor «ith a hence on t. n
range 0f cate v0|taces. Tne function f is the same . ) . . )
througnout 19 arg (13). Figure 6 illustrates this Initial simylations using this approach indicate that

the delay bounds for these simplified models differ from
the delays obtained from SPICE simulations by about
+ 15%.

"
s

process for *

IV. Fuyrther Work in Progress

Much work remains to be done before the theoretica!
basis for the waveform bounding approach to timing
analysis is complete. Among the larger remaining

. . i problems are:
3 ' 1. extending the Penfield-Rubinstein bonds to in-
. L . corporate time-varying source resistances, such as those
Figure £ Repiacing a parallel transistor network by an modelling the pulldown current in Fig. 8,




o

2. finding bounds for the response of an RC tree
containing pass transistors,
3. investigatring the tolerance in the bounds

obtained so far ana fincing tighter Ones where necessary.
and

4. incorporating effects of the Miller capacitance
into bounas.
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